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Text S1. 
Description of cloud microphysical schemes 
Fast spectral-bin microphysics (FSBM) 
The spectral-bin microphysics (SBM) scheme used in this study is a fast version of the 
Hebrew University Cloud Model (HUCM) described by Khain et al. [2004], which is 
similar to Fan et al. [2012]. The original microphysics parameterization (i.e., the full 
version of SBM) solves a system of kinetic equations for the size distribution functions for 
water drops, ice crystals (plate, columnar and branch types), snow/aggregates, graupel and 
hail/frozen drops, as well as CCN. Each size distribution is represented by 33 mass 
doubling bins. More details on representations of each process can be found in Khain et al. 
[2004]. The SBM is especially designed to take into account the effects of aerosols on 
clouds by having aerosols serve as CCN. The CCN size distribution is prognostic with 
sinks and sources, which includes fixed CCN sources at boundaries, advection and 
nucleation mechanisms for the versions in the WRF model.  
The fast version of SBM employed in previous studies [Fan et al., 2012; 2013] only 
contained four size distributions  (CCN, water drops, ice/snow, and graupel). These were 
selected from the full SBM by ignoring the three ice crystal and hail categories, and 
calculating ice and snow on one size distribution. For this study, we have added a hail 
option by using the hail category to replace the graupel category from the previous Fast-
SBM. Other changes that were made to the FSBM for this simulation and subsequently 
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compared with those used in the previous study (such as Fan et al., [2012; 2013]) include: 
(1) hail particles for the high-density ice, in contrast to graupel in all previous studies with 
the fast SBM, (2) 5 times smaller sub-stepping time for calculating droplet and ice 
nucleation, diffusional growth, and collision processes, (3) a lower threshold of liquid 
water content for the collision between liquid and ice particles to form graupel, and (4) a 
snow breakup scheme is included. Ice nucleation parameterizations for the FSBM used in 
this study were the same as the original SBM documented by Khain et al. [2004], i.e., Bigg 
[1953] for both heterogeneous and homogenous freezing of water drops, Meyers et al. 
[1992] for depositional/condensational nucleation, and Hallet and Mossop [1974] for the 
secondary ice formation.  
 
Morrison microphysics (MORR) 
The Morrison two-moment microphysics scheme [Morrison et al., 2005; Morrison et 
al., 2009; Morrison and Milbrandt, 2011] prognoses mass and number mixing ratios of 
rain, cloud ice, snow, and graupel/hail, and mass mixing ratio of cloud droplets. There is a 
user-set switch for the rimed ice category to have properties consistent with graupel (MOR-
G) or hail (MOR-H). MOR-G and MOR-H differ in the bulk density and fallspeed-size 
relationship for rimed ice. All species except cloud droplets are assumed to follow inverse 
exponential size distributions. MOR-H is employed for this intercomaprison. The cloud 
droplet size distribution follows a gamma function with a spectral dispersion parameterized 
following observations of Martin et al. [1994]. Ice particles are assumed to be spherical 
with bulk densities of 500, 100, 400, and 900 kg m-3 for cloud ice, snow, graupel, and hail, 
respectively.  
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 Ice nucleation in MORR includes heterogeneous and homogeneous freezing of 
cloud droplets and rain, and deposition/condensation-freezing nucleation on ice-nucleating 
aerosols. Heterogeneous freezing follows from Bigg's formulation (1953), integrated over 
the cloud droplet and rain size distributions. Homogeneous freezing is assumed to occur 
instantaneously at -40 C. Deposition/condensation freezing nucleation is parameterized 
following the temperature-dependent formulation of Cooper [1986], and is assumed to 
occur only when the relative humidity with respect to liquid water is 100% or larger and 
the temperature is less than -8 C, or if relative humidity with respect to ice is greater than 
108%. 
For the MORR used in this study, the changes based on the standard release in WRF 
v3.4.1 includes using rain mass collected by snow for accelerated melting from collisions, 
and the maximum-allowed ice concentration is changed from 10 cm-3 to 0.5 cm-3.  
 
Predicted Particle Properties (P3) scheme (P3) 
The Predicted Particle Properties (P3) scheme differs from the other schemes tested in 
that it uses a single ice category and predicts the evolution of particle properties instead of 
separating ice into pre-defined categories to represent the wide range of atmospheric ice 
particles [Morrison and Milbrandt, 2015]. Prognostic variables in this version of the 
scheme are the mass mixing ratio of cloud water, mass and number mixing ratios of rain 
and ice, and riming mass and volume mixing ratios. Gamma functions are used to represent 
the particle size distributions, with spectral shape parameters for cloud water, rain, and ice 
derived from in-situ observations. Ice particle mass-size (density) and projected area-size 
relationships evolve in time and space and are derived from the four prognostic ice 
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variables based on a conceptual model of particle growth following Heymsfield [1982]: 
vapor diffusion, aggregation, riming, and wet growth. Particle fall speed is derived directly 
from the ratio of mass and projected area. 
Ice nucleation in P3 is the same as MORR except that deposition/condensation-freezing 
nucleation is assumed to occur only when the temperature is less than -15 C and relative 
humidity with respect to ice is greater than 105%, and the parameters in Bigg's formulation 
are modified following Barklie and Gokhale [1959]. 
 
Milbrandt and Yau scheme (MY2) 
The multi-moment Milbrandt-Yau scheme is described in Milbrandt and Yau [2005a,b] 
and references therein, with modifications discussed in Milbrandt et al. [2010] and 
Milbrandt et al. [2012]. The scheme has prognostic equations for moments of six 
hydrometeor categories: cloud (liquid droplets), rain (precipitating drops), ice (pristine 
crystals), snow (large crystals/aggregates), graupel (rimed ice), and hail (high density 
rimed ice and/or frozen drops), where the particle size distribution (PSD) of each category 
x is represented by a complete gamma function. In this study, the standard two-moment 
version with fixed shape parameters (MY2) is used, with a shape parameter of 0 for rain 
and all ice categories and 3 for cloud droplets. All particles except for snow are assumed 
to be spherical with constant bulk densities. Snow density varies inversely with the mean 
size. For ice, graupel, and hail, fixed bulk densities of 100, 400, and 900 kg m-3, 
respectively, are used. 
Ice crystals are initiated via primary nucleation, heterogeneous and homogeneous 
droplet freezing, and rime splintering. Primary nucleation is represented by a combination 
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of the depositional/condensational parameterization of Meyers et al. [1992] and contact 
nucleation follows Cotton et al. [1986] and Walko et al. [1995].  Heterogeneous freezing 
follows MORR based on the Bigg's formulation [1953].  Homogenenous freezing is based 
on the temperature dependence equation from DeMott et al. [1994].  The Hallet and 
Mossop [1974] rime splintering process is parameterized following the equations in 
Reisner et al. [1998]. 
For the MY2 used in this study, several changes were made to the version in the 
standard release of WRF v3.4.1.  Most of these changes were relatively minor, including 
small tunings and bug fixes, but with two important changes that affect simulation results 
notably.  First, the conversion rate of graupel-to-hail was modified and is now based more 
physically on consideration of the Shumann-Ludlam limit and results in more production 
of hail and stronger convective cores.  The effect of this change is illustrated in Morrison 
et al. (2015).  Second, the conversion from ice to snow was modified to produce more 
snow, which addresses a bias in the old MY2 scheme that manifested as excessively cold 
brightness temperatures in simulated satellite fields due to the presence of too much upper-
level ice. 
 
Thompson microphysics (THOM) 
The Thompson bulk microphysics scheme is a hybrid of one and two-moment 
hydrometeor species [Thompson et al., 2004; 2008].  The scheme predicts the mass mixing 
ratios of cloud water, cloud ice, rain, snow, and graupel/hail and the number concentrations 
of cloud ice and rain.  All species utilize a generalized gamma distribution [Verlinde et al. 
1993], although in its current configuration the cloud ice, rain, and graupel species use a 
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gamma shape parameter of zero assuming that they follow an inverse exponential 
distribution.  The cloud water size distribution has a variable gamma shape parameter 
depending on droplet concentration, which is pre-set to be 250 cm-3 in this study.  The 
dependence of gamma shape parameter on droplet concentration is almost identically 
implemented to Morrison et al. [2005].  Unique aspects of the snow species in Thompson 
are the assumed combination of inverse exponential and gamma size distributions 
following Field et al. [2005] together with non-spherical and variable density snow.  The 
hybrid graupel-hail species is achieved using a variable intercept parameter of the inverse 
exponential size distribution, which is based on the mass mixing ratios of graupel and the 
amount of supercooled liquid water. 
Ice nucleation is parameterized following Cooper [1986] for 
deposition/condensation freezing, but only permitted when water saturated below -12 °C 
or greater than or equal to 125% relative humidity with respect to ice.  Heterogeneous drop 
freezing is temperature and drop volume dependent following Bigg [1953] through the use 
of lookup tables of 100 discretized bins of cloud water as well as rain.  Homogeneous drop 
freezing is assumed to occur instantly below -38 °C.  Collision-coalescence between 
interacting species is implemented through the bin-emulating approach as well, i.e., lookup 
tables are created using size-dependent collision efficiencies with 100 discrete size bins of 
each interacting species.  This helps to avoid various inaccuracies when two interacting 
species have similar fall velocities such as snow and small drizzle size drops. 
 
National Severe Storms Laboratory microphysical parameterization (NSSL) 
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The NSSL two-moment bulk microphysical parameterization scheme predicts mass 
and number mixing ratios of two liquid (cloud droplets and rain) and four ice (ice crystals, 
snow, graupel, and hail) hydrometeor categories [Mansell et al., 2010; Ziegler, 1985; 
Mansell and Ziegler, 2013; Dawson et al., 2014]. Size distributions assume a gamma 
function of either diameter (rain, graupel, and hail) or particle volume (droplets, crystals, 
and snow). The graupel and hail particle densities are also calculated by predicting the total 
particle volume [Mansell et al., 2010], which depends primarily on rime density. The 
graupel category includes small hail (frozen drops) in its size and density spectrum, 
whereas the hail category is designed to simulate larger hail sizes produced by wet growth 
of large graupel. Excessive hydrometeor size sorting is limited by detecting erroneous 
reflectivity growth during sedimentation [Mansell et al., 2010]. Condensation and 
deposition are calculated explicitly rather than with a saturation adjustment employed in 
the other bulk schemes.  Cloud condensation nuclei (CCN) concentration is predicted as in 
Mansell et al. [2010] with a bulk activation spectrum (NCCNa = NCCN Sk, where k = 0.6) 
approximating small aerosols. The model tracks the number of unactivated CCN, and the 
local CCN concentration is depleted as droplets are activated, either at cloud base or in-
cloud. The CCN are subjected to advection and subgrid turbulent mixing, but have no other 
interactions with hydrometeors, e.g., scavenging by rain drops is omitted, and CCN are not 
restored by droplet evaporation. 
Primary ice nucleation follows Phillips et al. [2007], but uses the current ice crystal 
concentration to represent the number of previously activated nuclei. Contact freezing 
follows Cotton et al. [1986] and Meyers et al. [1992] but is not efficient. Drop heterogenous 
and homogenous freezing takes the fit line from Bigg [1953] to find the critical drop 
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volume (m3) as a function of temperature: vfrz = 10−6 exp(16.2 + TC), where TC is the 
temperature in Celsius. The number and mass mixing ratio of freezing droplets then come 
from integrating the distribution from vfrz to infinity. Nearly all cloud droplets become 
frozen at temperatures below about −36◦ C, consistent with in situ observations by 
Rosenfeld and Woodley [2000]. Ice crystal production by rime splintering [Hallett and 
Mossop, 1974] follows Ziegler et al. [1986]. 
The version of the NSSL scheme used in this study is essentially the same as that in the 
WRF 3.7.0 standard release. Changes from the 3.4.1 release include the following. The hail 
particle density was changed from a constant to a predicted value, as was already done for 
the graupel category. The default rain drop size distribution was changed from a function 
of particle volume to a function of diameter, and the warm rain equations of Cohard and 
Pinty (2000) were added. Cloud droplet freezing is treated by diameter and temperature 
following Bigg (1953) instead of all freezing at a single temperature. Most relevant to this 
study are two updates to the snow category: fall speeds are calculated using the 
relationships from Ferrier (1994), resulting in lower values, and snow aggregation is 
restricted to temperatures greater than -25°C instead of all temperatures less than freezing. 
Although snow particles are assumed to have a constant density, the radar reflectivity is 
calculated with an assumption that the particle density decreases with diameter (Cox 1998). 
 
Texas A&M University Two-Moment Bulk Microphysics (TAMU) 
The TAMU two-moment bulk microphysics scheme was initially developed and 
implemented into WRF model by Li et al. [2008], which has been extensively used to 
investigate aerosol indirect effects on cloud, precipitation, lightning activities in isolated 
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convective storms and mesoscale convective systems [Li et al., 2009; Wang et al., 2011; 
Wang et al., 2014]. Five hydrometeor categories are considered in TAMU scheme, 
involving in numerous microphysical processes. The microphysics scheme explicitly 
calculates the mass mixing ratio of the five hydrometeors (i.e. cloud droplets, raindrops, 
ice crystals, snow, and graupel) and water vapor, as well as the total number concentration 
for four hydrometeor species (excluding cloud droplets) using gamma size distribution 
assumptions. The cloud droplet concentration is held constant with a value of 300 cm-3 to 
eliminate the uncertainty from the aerosol activation process in this intercomparison 
project. The warm microphysics rates among the warm-phase hydrometeor categories are 
based on Cohard and Pinty [2000], in which the condensation rate is determined explicitly 
with the predicted supersaturation. Seven autoconversion parameterization options are 
available in the warm rain processes. The Liu and Daum [2004] parameterization that 
considers the relative dispersion of the cloud droplet size distribution is the default 
autoconversion scheme. 
For heterogeneous ice nucleation, only deposition nucleation is considered. This is 
based on Pruppacher and Klett [1997], in which the number of ice crystals is related to 
temperature and ice supersaturation. The secondary ice formation follows Hallet and 
Mossop [1974].  The homogeneous freezing is parameterized following Milbrandt and Yau 
[2005], in which three temperature regimes are considered. For T < −45°C, all the cloud 
water freezes immediately to form ice crystals, while for T > −30°C, there is no 
homogeneous freezing at all. For −30°C < T < −45°C, the probability of droplets that 
freezes is calculated as a function of temperature. 
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WSM6 Microphysics (WSM6) 
The single-moment 6-class (WSM6) scheme in WRF [Hong et al., 2004; Hong and 
Lim, 2006; Dudhia et al., 2008] was developed based on Dudhia [1989] and Rutledge and 
Hobbs [1983]. It predicts the mixing ratio of hydrometeors of cloud liquid water, rain, 
cloud ice, snow, and graupel. The exponential size distribution is assumed for rain, snow, 
and graupel. The cloud liquid water number concentration is prescribed as a constant value 
of 300 cm-3 and the ice crystal number concentration is diagnosed from its mixing ratio. 
The nucleation (initiation of cloud ice from water vapor) is assumed as a function of 
temperature, which occurs when the temperature is below 0 °C and the air is supersaturated 
with respect to ice under the no ice condition. Heterogeneous freezing of droplets follows 
the Bigg's formulation [1953] and homogeneous freezing of droplets is assumed to occur 
instantaneously when the temperature is below -40 °C. 
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 Figures S1 to S3. 
 
 
Figure S1 The location of two boxes selected for the calculations of parameters in RKW 
theory as shown in Table 4. The color contour is radar reflectivity at 9 h. The blue line is 
the line –normal direction for calculating the vertical wind shear.  The black contour line 
denotes the -2 K perturbation potential temperature at the surface.   
[dBZ] 
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Figure S2 Vertical profiles of hydrometeor number concentrations averaged over the 
convective cores (w > 2 m s-1) in the simulation domain and over 0800-1000 UTC. 
WSM6 is missed because the scheme does not predict hydrometeor number 
concentrations. The unit for cloud droplet is in cm-3 and in L-1 for rain, ice, snow, grauple 
and hail.  The grey line is for the total ice particle number concentration in L-1.  
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Figure S3 (a) 99th percentiles for vertical PPG acceleration (left) and buoyancy with 
condensate loading (right) for no-ice simulations, and (b) the same as (a) except for the 
full microphysics simulations. The calculations are for the same data as Figure 17a.  
 
  
(a)	No-ice
(b)	Full	microphysics	
PPG Buoyancy
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